Abstract: The problem of robust fuzzy control for a class of nonlinear fuzzy impulsive systems with time-varying delay is investigated by employing Lyapunov functions. The nonlinear delay system is represented by the well-known T-S fuzzy model. The so-called parallel distributed compensation idea is employed to design the state feedback controller. Sufficient conditions for global exponential stability of the closed-loop system are derived in terms of linear matrix inequalities (LMIs), which can be easily solved by LMI technique. An example is given to demonstrate the effectiveness of the proposed method.
Introduction
Over the past few decades, fuzzy logic control of nonlinear systems has received considerable attentions because this approach is effective to obtain nonlinear control systems, especially in the incomplete knowledge of the plant or even of the precise control action appropriate to a given situation. Among various kinds of fuzzy methods, fuzzymodel-based control is widely used because the design and analysis of the overall fuzzy system can be systematically performed using the well-established classical linear systems theory [1 -4] . The stability analysis and controller design for nonlinear systems based on T -S fuzzy model are discussed in [1 -3] . On the other hand, time delay is commonly encountered and is often the sources of instability. Recently, the robust stability analysis problems for fuzzy time-delay systems have received considerable attentions [5 -8] .
In modern science and technology, there are natural phenomena in real world which are characterised by the fact that at certain moment of time they experience a change of state abruptly. Consequently, it is natural to assume that these perturbations act instantaneously, that is, in the form of impulses. It is known, for example, that many biological phenomena involving thresholds, bursting rhythm models in medicine and biology, optimal control models in economics, pharmacokinetics and frequencymodulated systems do exhibit impulsive effects [9 -11] . The impulsive disturbances can severely degrade the closedloop system performance and even make a stable system unstable. During the past few years, the qualitative properties of impulsive differential equations have been intensively developed; see [9] [10] [11] [12] [13] and the references cited therein. Recently, the development of impulsive fuzzy differential equations has been initiated in [12] and the impulsive functional differential inclusions are studied in [13] . On the other hand, the stability of systems with impulsive effect has sparked the interest of many researchers; see [14 -17] and the references cited therein. The problem of robust decentralised stabilisation for a class of large-scale, time delay and uncertain impulsive dynamical systems has been investigated in [15] . Several criteria on robust stability, robust asymptotic stability and robust exponential stability for uncertain impulsive dynamical systems have been established in [16] .
Very recently, there have been growing attentions on the study of T-S fuzzy systems with impulse [18, 19] . In [18] , a class of nonlinear fuzzy impulsive systems is defined by extending the ordinary T -S fuzzy model and sufficient conditions for global exponential stability of the closedloop systems are derived. In [19] , some criteria of uniform stability and uniform asymptotic stability for T -S fuzzy delay systems with impulse have been presented. On the other hand, there are some interesting applications on
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IET impulsive control or synchronisation of chaotic systems based on T -S fuzzy model [20, 21] .
In the design of controller systems, one is not only interested in global stability, but also in some other performances. Particularly, it is often desirable to have systems that converge fast enough in order to achieve fast response. Considering this, many researchers have studied the exponential stability analysis problem for neural networks [22] , stochastic systems [23] and so on. To the best of our knowledge, so far, the problem of global exponential stabilisation for fuzzy impulsive systems with time-varying delay has not been addressed in the literature, which is still open and remains unsolved.
Motivated by the aforementioned discussions, we investigate the problem of robust fuzzy control for a class of nonlinear systems with time-varying delay. The nonlinear delay system is represented by the well-known T-S fuzzy model. The socalled parallel distributed compensation (PDC) idea is employed to design the state feedback controller. Sufficient conditions for global exponential stability of the closed-loop system are derived by employing Lyapunov functions. The conditions are in terms of linear matrix inequalities (LMIs), which can be easily solved by LMI technique.
The remainder of this paper is organised as follows. In Section 2, the problem to be investigated is given and some necessary definitions and useful lemmas are also presented. In Section 3, some criteria are derived to ensure the global exponential stability of the closed-loop system. In Section 4, an example is given to demonstrate the effectiveness of the proposed method. Finally, conclusions are drawn in Section 5.
Notation: Throughout this paper, the superscipts '21' and 'T' stand for the inverse and transpose of a matrix, respectively; R n denotes the n-dimensional Euclidean
nÂm is the set of all n Â m real matrices; for real symmetric matrices X and Y, the notation X ! Y (respectively, X . Y ) means that the matrix X 2 Y is positive semi-definite (respectively, positive definite); I is an appropriately dimensioned identity matrix and l min (P) (l max (P)) denotes the smallest (largest) eigenvalues of P. The vector norm of
Problem statement and basic assumptions
Consider the following nonlinear system with time-varying delay represented by T -S fuzzy model.
where M i j is the fuzzy set, q the number of rules,
the constant matrices, 0 t(t) t 0 the unknown bounded time-varying delay in the state and 
which is called the unforced fuzzy impulsive system with time-varying delay. 
which is a typical continuous T -S fuzzy model. Stability of this T -S fuzzy model has been extensively investigated [1 -3] .
. ., then the nonlinear system reduces to
which is a typical continuous T -S fuzzy time-delay model. Stability of this T -S fuzzy model has been extensively investigated [5 -7] .
Remark 2:
As is shown in [15] , the condition where the parameter L can be regarded as a proportional coefficient of t k À t kÀ1 to the maximum time delay t 0 . This inequality also implies that the discontinuity point requires no denseness condition in order to ensure the exponential stability of the system. By using the fuzzy inference method with a singleton fuzzification, product inference and centre average defuzzification, the overall fuzzy model is of the following form
where
We assume that w i (z(t)) ! 0 and P q i¼1 w i (z(t)) . 0. It is clear that
The control objective is to design a state feedback fuzzy controller such that the closed-loop system is exponential stable, that is to say, there exist M, g . 0 such that
where kf k ¼ sup t 0 Àt 0 t t 0 kf(t)k.
Based on the so-called PDC idea, the state feedback fuzzy controller is designed as follows
. . , q are constant control gains to be determined later.
By using the fuzzy inference method with a singleton fuzzification, product inference and centre average defuzzification, the overall fuzzy regulator is represented by
The closed-loop system of (1) and (5) is
Before proceeding, we recall some preliminaries which will be used throughout the proofs of our main results.
Definition 1 [11, 19] :
, then we have the following generalized derivative of a Lyapunov function V (t, x). Definition 2 [11, 19] :
Lemma 1 (Halanay Lemma, [24] ): Let m(t) be a scalar positive function and assume that the following condition holds 
where a . b . 0 and a . 0 is the unique positive root of the following equation
The parameters l k are specified by the designer, where e
. .. Then the T -S fuzzy system (1) with time-varying delay is global exponential stable via the state feedback fuzzy controller (5) . In this case, the feedback gains F i are given by
Proof: Consider the Lyapunov function candidate
! Pre-and post-multiplying both sides of (8) by
From (11), we have
Since a . b . 0, by Lemma 1 and (12)
where a satisfies a À a þ be at 0 ¼ 0.
On the other hand, when t ¼ t k , by Lemma 2, we have
Pre-and post-multiplying both sides of (9) by
Applying Schur complement to (15) yields
Therefore we obtain
IET 
Indeed, when
Thus, (18) holds for k ¼ 1.
Next, assume that (18) holds for k m, m ! 1. Then, we need to show (18) still holds when k ¼ m þ 1.
By (13) and (17) and the above induction assumption, one has
Therefore the T-S fuzzy system (1) with time-varying delay is global exponential stable via the state feedback fuzzy controller (5) . In this case, the feedback gains F i are given by 
Remark 4:
Compared with the existing results of fuzzy time-delay system, our results may be conservative. As shown in [18] , we can also obtain less conservative conditions by using the same approaches given by Tanaka et al. [2] and Kim and Lee [3] . At the same time, the conditions in Theorem 1 do not include information on the delay. Therefore our results are delay-independent stability criteria. Generally speaking, delay-independent stability criteria are more conservative that delay-dependent criteria when the delay is small, especially there exist uncertainties in systems. So, our future work is to find delay-dependent exponential stability conditions for nonlinear fuzzy impulsive system with time-varying delay.
Remark 5:
The controller design procedure is as follows:
Choose two constants a and b such that a . b . 0. Then we obtain a constant a, which is the unique positive root of the equation (10) . Choose parameters l k such that e at 0 l k e a(t k Àt kÀ1 )=L , k ¼ 1, 2, . . .. If there exist symmetric and positive definite matrix X, and some matrices H i , such that the LMIs (8) and (9) hold, thus the feedback gains F i are given by F i ¼ H i X À1 , i ¼ 1, 2, . . . , q. Then the closed-loop fuzzy system is global exponential stable with decay rate g ¼ a(L 2 1)/L.
For the fuzzy impulsive time-delay system (1) with u(t) ¼ 0, that is, the unforced fuzzy impulsive system (2) with time-varying delay, we can obtain the following result.
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Conclusions
We have investigated the problem of robust fuzzy control for a class of nonlinear systems with time-varying delay. Based on Lyapunov method and LMI technique, some criteria have been proposed to guarantee the global exponential stability of the closed-loop system. Numerical simulations have been included to demonstrate the effectiveness of the proposed controller.
